In this study, it was shown that Homogeneous Charge Compression Ignition (HCCI) combustion in a 4-stroke engine, operating under the conditions of a high compression ratio, wide open throttle (WOT) and a lean mixture, could be simulated by raising the compression ratio of a 2-stroke engine. On that basis, a comparison was then made with the characteristics of Active Thermo-Atmosphere Combustion (ATAC), the HCCI process that is usually accomplished in 2-stroke engines under the conditions of a low compression ratio, partial throttle and a large quantity of residual gas. One major difference observed between HCCI combustion and ATAC was their different degrees of susceptibility to the occurrence of cool flames, which was attributed to differences in the residual gas state. It was revealed that the ignition characteristics of these two combustion processes differed greatly in relation to the fuel octane number. Specifically, a correlation was observed between the octane number and ignition timing in HCCI combustion that took place under a low level of residual gas, but no such relationship was seen for ATAC. External exhaust gas recirculation (EGR) and internal EGR were then separately applied to HCCI combustion conditions (a high compression ratio and WOT). It was found that the correlation between the fuel octane number and ignition timing diminished as the internal EGR rate was increased, with the ignition characteristics coming to resemble those of ATAC. When external EGR was applied, the ignition characteristics of HCCI combustion were maintained and a correlation was observed between the fuel octane number and ignition timing.
INTRODUCTION
The Homogeneous Charge Compression Ignition (HCCI) engine [1] [2] [3] [4] [5] [6] [7] is currently in the limelight because of its potential to achieve low fuel consumption and clean combustion. In the HCCI combustion process, a lean premixed charge is autoignited by compression. This combustion process is expected to improve thermal efficiency by allowing the engine to operate at a higher compression ratio. In addition, it can also be effective in reducing pumping losses and thermal losses because it facilitates lean combustion at wide open throttle (WOT). As a result, HCCI combustion can enable gasoline engines to attain thermal efficiency on a par with that of diesel engines. Moreover, because HCCI is a lean combustion process, the mean combustion gas temperature is lower. The burning of a premixed charge also makes it possible to achieve a homogeneous temperature and mixture concentration in local areas of the combustion chamber. Emissions of nitrogen oxides (NOx) and soot are markedly lower as a result.
The main issues to be addressed in the HCCI combustion process are the initiation and control of ignition and expansion of the stable operation region. Because HCCI combustion is initiated by autoignition of a premixed mixture, it is necessary to monitor and control the state (temperature, pressure, concentration, etc.) of the mixture until the moment of ignition. The following methods can be cited as specific ways of dealing with these issues.
(a) Combustion control by means of the fuel composition, such as by a dual fuel system. For example, control by using a blend of two or more fuels having different ignition characteristics.
(b) Combustion control by exhaust gas recirculation (EGR), either internal or external EGR.
(c) Control by means of the intake air temperature, either by using an intake air heater or internal EGR.
(d) Control by means of the compression ratio, such as by using a continuously variable compression ratio system.
(e) Combustion control by fuel stratification, such as by using a direct injection system.
The effects of each of these methods alone on combustion characteristics have been examined in different studies [8] [9] [10] [11] [12] [13] [14] [15] [16] . It has been reported that each one can be effective in controlling ignition characteristics and in expanding the region of stable operation. However, the operation region must be expanded further in order to implement the HCCI combustion process in Table 1 Relative comparison of the engine operating characteristics for ATAC in 2-stroke engines and HCCI combustion in 4-stroke engines Throttle Opening Partial Throttle WOT production engines. It is thought that a combination of these methods will be needed for that purpose.
This study focused on the fuel composition and the application of EGR as potential control methods. The effects of each method individually and in combination on combustion characteristics were examined experimentally and by chemical kinetic simulations.
HCCI combustion processes can be broadly divided between the systems used in 2-stroke engines and those applied to 4-stroke engines. The former type is known by different names such as Active ThermoAtmosphere Combustion (ATAC) [4] or Activated Radicals (AR) [6] combustion. The latter type is often referred to as simply HCCI combustion. Other designations that are sometimes applied to the combustion process include Premixed Charge Compression Ignition (PCCI) and Controlled Auto Ignition (CAI). Table 1 gives a relative comparison of the engine operating characteristics in the case of ATAC in 2-stroke engines and HCCI combustion in 4-stroke engines. It is clear that there are many differences between the two processes. The HCCI combustion process is being widely researched in 4-stroke engines at present, but even in this case, attempts are being made to expand the operation region by applying residual gas (internal EGR), which is a characteristic of ATAC. There is a tendency for the features of the 2-stroke HCCI combustion process to be incorporated in the 4-stroke variety.
INITIATION OF HCCI COMBUSTION BY INCREASING THE COMPRESSION RATIO
In this study, the compression ratio of a 2-stroke engine was increased to achieve a combustion process corresponding to HCCI combustion in a 4-stroke engine, i.e., autoignited combustion of a lean mixture at WOT. When a low-octane-number fuel was used in this case, the passage of a cool flame, which is one characteristic of HCCI combustion in 4-stroke engines, was observed. Moreover, control valves and a by-pass pipe were provided at the exhaust port for the purpose of applying internal and external EGR. On the other hand, when the 2-stroke engine was operated at an ordinary compression ratio and partial throttle, HCCI combustion (ATAC) was accomplished under a condition of a large quantity of residual gas. Because the test engine used in this study allowed the compression ratio to be varied, both of the above-mentioned combustion processes were achieved using the same engine.
The engine operating conditions used in the experiments are shown in Fig. 1 . The horizontal axis indicates the scavenging ratio, which is defined in the Definitions section on the last page along with the other technical terms, and the vertical axis shows the compression ratio. Four sets of operating conditions, summarized below as (1) to (4), were created by using two compression ratio levels and by alternating between internal and external EGR. An analysis was made of the combustion characteristics obtained under each set of conditions.
(1) ATAC: autoignited combustion achieved with a compression ratio of 8 
EXPERIMENTAL EQUIPMENT AND PROCEDURE
The specifications of the 2-stroke, air-cooled, singlecylinder test engine used in this study are given in Table  2 . The compression ratio of the engine was varied by changing the clearance volume of the cylinder head. Primary reference fuels (PRF), consisting of different blends of iso-octane and n-heptane, and regular gasoline were used as the test fuels.
The configuration of the test equipment used is shown in Fig. 2 . A crystal pressure transducer was installed in the top of the cylinder head to measure the cylinder pressure (P). The light emission spectra of combustion flame radicals in the combustion chamber were measured in order to analyze autoignition behavior. Light from the combustion flame was extracted through a quartz observation window provided in the top of the cylinder head and transmitted via an optical fiber cable, having core diameter of 1 mm, into a polychromator. It was then separated into two wavelengths of 395.2 nm, corresponding to formaldehyde (HCHO), and 306.4 nm, corresponding to the OH radical. The light at each wavelength was converted to an electric signal by a photomultiplier and measured [17] [18] [19] [20] [21] . The two measured wavelengths served the following respective purposes [22] . In addition, K-type thermocouples were used to measure the scavenging temperature (Tsc) and exhaust temperature (T ex ) in order to monitor the mixture temperature in the cylinder. The former temperature was measured at a position approximately 40 mm upstream of the scavenging port and the latter temperature was measured approximately 40 mm downstream of the exhaust port.
An internal EGR control valve (V in ) and an external EGR control valve (V ex ) and a by-pass pipe were attached to the exhaust pipe to apply internal and external EGR, respectively.
The characteristics used in analyzing the heat release waveforms are defined below and in Fig. 3 .
Maximum hot flame value Q Hmax : maximum heat release rate of the hot flame Ignition timing on : the crank angle at which the heat release rate reaches 10% of Q Hmax Time of hot flame peak peak : the crank angle at the time of the peak heat release rate of the hot flame
DEFINITIONS OF INTERNAL AND EXTERNAL EGR RATES
Throttling the flow through the internal EGR control valve lowered the scavenging ratio and applied internal EGR. The internal EGR rate was defined on the assumption that a state of complete mixing and scavenging existed in the cylinder [23] [24] . Assuming initial operating conditions of an engine speed N = 1000 rpm and WOT, the initial scavenging efficiency ( si ) and initial residual gas ratio ( i ) were calculated from the scavenging ratio (SR i ) at that time using the following equations.
The scavenging efficiency ( s ) and residual gas ratio ( ) were then calculated from the scavenging ratio (SR) when the flow through the internal EGR control valve was throttled.
Based on these calculations, the internal EGR rate (In-EGR) was defined as the difference between the residual gas ratio when the flow through the internal EGR control valve was throttled and the initial residual gas ratio i . The In-EGR rate could be varied intentionally by adjusting the control valve setting and was given by following equation.
In-EGR = ( -i ) x 100%
External EGR was applied by opening the external EGR control valve in place of the internal EGR control valve. The external EGR rate (Ex-EGR) was calculated in the same way as the internal EGR rate.
Ex-EGR = ( -i ) x 100%

CALCULATION METHOD
Chemical kinetic simulations were performed using CHEMKIN software under dimensionless (i.e., spatially uniform), adiabatic conditions and by applying the same volumetric changes as those of the test engine. The PRF reaction mechanisms [25] [26] [27] developed at the Lawrence Livermore National Laboratory were used in the calculations. Because residual gas was applied under the ATAC condition, the composition and temperature of the gas were taken into account as noted below in setting the initial conditions of the calculations.
1. EGR gas is composed of N2, O2, CO2 and H2O.
The temperature at the onset of compression T epc is
given by the following equation (see Appendix), taking into account the temperature rise due to the residual gas.
where T r denotes the residual gas temperature.
RESULTS AND DISCUSSION
COMPARISON OF CHARACTERISTICS OF HIGH-COMPRESSION-RATIO HCCI COMBUSTION AND ATAC
Influence of octane number changes on combustion In an octane number range of 0-60 RON, the scavenging temperature (T sc ) remained around 329-331K in HCCI combustion. However, when 80-RON fuel or gasoline (91 RON) was used, the engine could not be operated stably because of misfiring. As a result, T sc was raised to 360K and 375K, respectively, and the equivalence ratio was similarly increased to = 0.75 and = 0.7 in order to accomplish ignition. It is seen in For the test fuels with octane numbers from 0 to 60 RON, the HRR waveforms for HCCI combustion in Fig. 4 show a pattern of two-stage ignition resulting from the passage of a cool flame. Increasing the octane number had the effect of reducing the quantity of heat released by the cool flame (arrow A), and the ignition timing was delayed to a later crank angle (arrow B). In contrast to those results, all the HRR waveforms in Fig. 5 for ATAC show a pattern of single-stage ignition without any passage of a cool flame. The ignition timing also remained virtually constant (arrow C) even when the octane number was increased. In other words, although the fuel octane number had a large effect on the ignition timing in HCCI operation, it had little effect under ATAC operation.
As the reason for that difference, we can consider the differences in the respective temperature histories followed by the ATAC and HCCI combustion processes. With HCCI combustion, increasing the fuel octane number retarded ignition, which presumably can be attributed to the low-temperature reaction rate stemming from the fuel's molecular structure [28] , or in other words, the influence of a cool flame. In ATAC, a cool flame was not manifested even when a fuel with a low octane number was used, which is why little correlation is seen between the octane number and the change in ignition timing.
Next, we will present the numerical calculation results for HCCI combustion and ATAC. Figure 6 shows the HRR waveforms that were calculated under HCCI operating conditions for different fuel octane numbers, and Fig. 7 shows the calculated HRR waveforms for ATAC operating conditions. The calculation conditions in both cases are shown in the box in the figure and in the table below the figure. As is evident in both figures, the calculated waveforms show nearly the same tendencies as the experimental data. It is clear that varying the fuel octane number had much less effect on the ignition [-] The foregoing results showed that the relationship between the fuel octane number and ignition timing differed greatly between HCCI combustion and ATAC. It was presumed that susceptibility to the occurrence of cool flame reactions was one reason for that difference. Accordingly, attention was focused on the results seen for the 0-RON fuel (n-heptane) in the experimental and calculated data presented for HCCI combustion and ATAC in Figs. 4 to 7. A comparison was made of the behavior of the chemical species, such as the radicals, that were generated at the time cool flame reactions occurred. Figures 8 and 9 show the details of typical waveforms measured experimentally for HCCI combustion and ATAC, respectively, using the 0-RON test fuel. From the top of each figure, the waveforms are for the cylinder pressure (P), HRR, light emission intensity of HCHO and the light emission intensity of the OH radical. It is observed in Fig. 8 that the HRR waveform for HCCI combustion shows a pattern of two-stage ignition attributed to the manifestation of a cool flame and a hot flame. Simultaneous with the passage of the cool flame, only the HCHO waveform shows evidence of faint light emission (region D). It is assumed that this faint light emission can be attributed to excited-state HCHO [22] and that it represents light emitted from the cool flame.
Radical light emission behavior measured experimentally
By contrast, the HRR waveform for ATAC in Fig. 9 shows single-stage ignition attributed only to a hot flame and there is no evidence of the passage of a cool flame. Both the HCHO and OH radical waveforms only show signs of light emission simultaneous with the passage of the hot flame. These results for the light emission behavior of the radicals also indicate that the HCCI and ATAC processes differ in their susceptibility to the passage of a cool flame. Figures 10 and 11 show the detailed calculated results for HCCI combustion and ATAC when using the 0-RON fuel. From the top of each figure, the waveforms show the cylinder pressure (P), HRR, mean in-cylinder gas temperature (Tg), and the mole fractions of chemical species (1) and (2). The latter waveforms are indicated on a log arithmic scale because the quantities of the chemical species produced during combustion differ greatly from one species to another. Similar to the experimental results, the calculated HRR waveform for HCCI combustion in Fig. 10 shows a pattern of two-stage ignition. Looking closely at the mole fraction behavior of the chemical specifies, it is seen that the mole fraction of HCHO and the OH radical increased sharply (line E) simultaneously with the consumption of fuel at the time a cool flame occurred. The quantity of HCHO produced increased in particular and was several hundred times greater than that of the OH radical. Subsequently, the quantity of OH radicals produced also timing in the ATAC process compared with HCCI combustion. It can be inferred from these results that fuels having a wide range of octane numbers can be autoignited in the ATAC process. HCCI Calculated increased simultaneously with the passage of a hot flame, while HCHO decreased sharply, and the quantity of CO2 produced as the final combustion product increased. These results indicate that the chemical species produced in HCCI combustion also showed a pattern of two-stage behavior (lines E and E') with large differences corresponding to two-stage ignition.
Behavior of chemical species based on chemical kinetic simulations
On the other hand, the HRR waveform for ATAC in Fig.  11 shows only single-stage ignition and no evidence of a cool flame. However, looking carefully at the mole fraction behavior of the chemical species, a small peak (line F) is seen in the vicinity of 55 deg. before top dead center (TDC). It is assumed that this position corresponds to the occurrence of cool flame reactions. The level of the peak, however, is much lower than that seen for HCCI combustion. That is presumably the reason why no sign of a cool flame can be detected in the HRR waveform.
Summarizing the foregoing results, one of the biggest differences between HCCI combustion and ATAC is their different levels of susceptibility to the occurrence of cool flame reactions. A cool flame developed in HCCI combustion because the engine was operated under conditions conducive to the occurrence of cool flame reactions. In addition, the quantity of heat released by the cool flame decreased as the octane number of the fuel was increased, causing the ignition timing to be delayed, as seen in Figs. 4 and 6 . This indicates that the ignition timing can be varied by changing the fuel octane number. In the ATAC process, on the other hand, the engine was operated under conditions that were not conducive to the occurrence of a cool flame, inasmuch as the in-cylinder gas temperature at the onset of compression (T epc ) was high. For that reason, a cool flame tended not to occur even when a fuel with a low octane number was used, and the ignition timing was virtually constant, regardless of the change in the fuel octane number (Figs. 5 and 7 ). This suggests that it would be difficult to vary the ignition timing in ATAC by changing the octane number. Instead, fuels having a wide range of octane numbers can be ignited in the ATAC process under the same engine operating conditions.
INFLUENCE OF EGR ON HIGH-COMPRESSION-RATIO HCCI COMBUSTION CHARACTERISTICS
Influence of internal EGR on combustion characteristics
Heat release rate behavior Figure 12 shows the HRR waveforms that were measured experimentally for various internal EGR rates under HCCI operation at a compression ratio of 15:1 and using the 0-RON test fuel. The quantity of fuel supplied (Q in ) was kept constant at 9.5 ±0.3 mg/cycle in all of the experiments in which these waveforms were measured. As seen in the figure, increasing the internal EGR rate In-EGR 27%
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In-EGR 8% In-EGR 11%
In-EGR 0%
In-EGR 31% advanced the passage of a cool flame to an earlier crank angle and decreased the quantity of heat released (arrow G). The ignition timing initially advanced as the internal EGR rate was increased, but it subsequently showed the opposite tendency and was delayed to a later crank angle (arrow H). It is inferred that the application of internal EGR can either have the effect of advancing or retarding the ignition timing as explained in (i) to (iii) below, depending on the level applied.
(i) Heat contained in the internal EGR gas raises the temperature at the onset of compression, which has the effect of advancing the ignition timing.
(ii) Because it lowers the specific heat ratio, it has the effect of retarding the ignition timing.
(iii) Because it reduces the quantity of heat released by a cool flame, it has the effect of retarding the ignition timing.
The interaction of these factors is thought to account for the reversal of the ignition timing from an earlier to a later crank angle.
It is also seen that the peak value of the HRR waveforms decreased and that the combustion rate was moderated as the internal EGR rate was increased (Fig.  12) . One reason for that is presumed to be the retarding of the ignition timing. Another reason is that the inert gases in EGR had the effect of slowing down combustion. Accordingly, an investigation was made of the relationship between the peak HRR (Q Hmax ) and the crank angle ( peak ), and the results are shown in Fig. 13 .
As the results in the figure indicate, there was a strong correlation between the two, and retarding the ignition timing was effective in moderating the rate of combustion.
Combined influence of fuel octane number and internal EGR on ignition characteristics
The preceding discussion revealed that the ignition characteristics of HCCI combustion and ATAC differed considerably in relation to the fuel octane number. That difference is attributed to the different degrees of susceptibility of these combustion processes to the occurrence of cool flame reactions, depending on the level of internal EGR applied.
Various researchers have also attempted to control ignition and expand the operation region of 4-stroke HCCI engines by using negative valve overlap (NVO) to apply residual gas or internal EGR. Therefore, the relationship between the fuel octane number and ignition characteristics was examined in this study under the HCCI conditions when internal EGR was applied in this way. Figure 14 shows the ignition timing ( on ) found for test fuels with different octane numbers when internal EGR was applied under the HCCI operating conditions (compression ratio of 15:1 and WOT). The results indicate that the ignition timing was retarded in the region of a low internal EGR rate as the fuel octane number was increased (region I). However, as the internal EGR rate was increased, the difference in ignition timing between the different fuel octane numbers decreased (regions J and K). These results reveal that the application of internal EGR to the 4-stroke HCCI combustion process at a high compression ratio results in the same ignition characteristics as those of 2-stroke HCCI combustion (ATAC) at part load. It was reported that the ignition timing showed little change in relation to changes in the fuel octane number under 4-stroke HCCI operation when residual gas was applied [29] [30] by N means of NVO. Presumably, the state of combustion in that study was similar to the present results.
It is inferred from the foregoing results that, under highcompression-ratio HCCI operation as well, the ignition timing is less likely to be influenced by changes in the fuel octane number when the internal EGR rate is increased. Under the application of heavy internal EGR in particular, it is thought that the range in which the ignition timing can be varied by changing the fuel composition (i.e., octane number) becomes smaller compared with that for non-EGR operation.
Influence of external EGR on combustion characteristics
Heat release rate behavior Figure 15 shows the HRR waveforms that were measured experimentally for various external EGR rates under HCCI operation at a compression ratio of 15:1 and using the 0-RON fuel. The quantity of fuel supplied (Q in ) was kept constant at 9.9 ±0.3 mg/cycle in all the experiments in which these waveforms were measured. The results indicate that the occurrence of a cool flame and the ignition timing were retarded as the external EGR rate was increased (arrows L and M). In addition, the peak HRR was reduced and the combustion rate was moderated. Figure 16 shows the ignition timing found for test fuels with different octane numbers when various external EGR rates were applied under HCCI operating conditions (compression ratio of 15:1 and WOT). As the external EGR rate was increased, the ignition timing for every fuel octane number tended to be retarded. Unlike the tendency seen for the application of internal EGR, the ignition timings for the different octane numbers did not converge (region N). This result suggests that the ignition timing can be varied by changing the fuel octane number even when a high rate of external EGR is applied.
Combined influence of fuel octane number and external EGR on ignition characteristics
